Abstract This paper focuses on the development and characterization of Ni-free shape memory alloys, more specifically, Ti-Nb-based alloys for biomedical applications. It starts by describing the smelting technology used to produce small and medium size ingots of selected compositions. Thermomechanical treatments: structure interrelations are discussed next. Finally, the results of their mechanical, electrochemical, and in vitro cytotoxicity testing are presented to allow a general assessment of the mechanical, chemical, and biological aspects of compatibility of these alloys, and of the methods to control their functional properties.
Introduction
Two main aspects of biocompatibility should be taken into consideration when developing new load-bearing biomaterials: biomechanical compatibility and biochemical compatibility. Biomechanical compatibility, also known as ''bulk compatibility'', requires that the mechanical behavior of the material be as close as possible to that of living tissues. Biochemical compatibility, also known as ''interface compatibility'', implies high chemical and electrochemical corrosion resistance of the material in body fluids, and the absence of an adverse material interaction with the biological environments, including the absence of cytotoxicity and mutagenicity. To develop a material combining bulk and interfacial biocompatibilities, it is necessary not only to select the material composition, but also to optimize its processing conditions, since the same processing sequence can be beneficial for the bulk compatibility while being detrimental for the interface compatibility, and vice versa.
Titanium nickelide-based shape memory alloys (SMAs) are often regarded as excellent candidates for medical implants because they combine low-stiffness superelastic behavior with high mechanical and corrosion resistance in body fluids [1] [2] [3] [4] [5] [6] [7] [8] . Moreover, if specific polygonizing or nanostructuring thermomechanical treatments (TMTs) are applied to these alloys, their functional characteristics approach their theoretical limits . The only negative feature of Ti-Ni-based SMAs is the presence of toxic nickel in their composition, which is a factor of risk for any permanent or long-term implant application. This specificity of Ti-Ni alloys has triggered intensive research activities aimed at developing nickel-free SMAs [7, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . The design of multi-component Ti-Nb-and Ti-Zrbased SMAs has become one of the targets of these fundamental and applied investigations.
Following this objective, a series of collaborative studies on Ti-Nb-Zr and Ti-Nb-Ta SMAs have recently been carried out at the National University of Science and Technology ''MISIS'' (Moscow, Russia) and Ecole de technologie superieure (Montreal, Canada). These investigations were focused on the following topics [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] :
(1) Development of the small and medium size Ti-NbZr and Ti-Nb-Ta ingots' production via the smelting technology; (2) Study of the TMT: grain/subgrain structure interrelations in the selected alloys; (3) Functional mechanical characterization of the TMTprocessed alloys, including: (a) static mechanical characterization, (b) long-term stability testing, and (c) elastic/superelastic fatigue testing; (4) Biochemical compatibility characterization of the TMT-processed alloys including: (a) electrochemical corrosion testing in simulated body fluids, and (b) in vitro cytotoxicity testing.
Some selected results of these investigations are described and discussed below in the same order as presented above, to allow a general assessment of the main aspects of biocompatibility of the Ti-Nb-Zr and Ti-Nb-Ta alloys and of the methods to control their functional properties.
Experimental Procedure Materials Production and Processing
Before starting the manufacturing procedure, the melting points of the studied Ti-Nb-Zr and Ti-Nb-Ta alloys were calculated (see ''Appendix'' section; note that the alloys' compositions are given in at.% throughout this work).
Small size (*200 g) Ti-Nb-and Ti-Zr-based alloys' ingots for preliminary testing were smelted using a custommade laboratory vacuum arc furnace with a non-consumable tungsten electrode under argon atmosphere. The procedure included several remelting steps.
Medium size 50 mm diameter, 660-mm-long Ti-21.8Nb-6Zr ingots were produced by Flowserve Corp. (USA) via induction skull melting and isostatic pressing (900°C, 100 MPa, 120 min). In parallel to that, in collaboration with The I.P. Bardin Central Research Institute for Ferrous Metallurgy (CRIFM, Russia), the vacuum arc melting (VAM) technique with consumable electrode was applied to produce medium size Ti-Nb-based alloys' ingots. 350-mm-long (Ti-19.7Nb-5.8Ta) and 150-mmlong (Ti-22Nb-6Zr) 80 mm diameter ingots were then produced, hot-forged at 900°C, and machined to a 50 mm diameter. The procedure included several remelting steps, starting from a consumable electrode containing high-purity raw materials (Ti, Nb, Ta/Zr).
It should be noted that scaling up from small size to medium size ingots is a necessary step for the full-scale characterization of prospective alloys and for the production of these alloys in powder form via the atomization technique [3] .
Ti-21.8Nb-6Zr and Ti-19.7Nb-5.8Ta 1 9 1 and 2 9 10 mm cross-section tensile testing specimens with different gauge lengths, and 5 9 10 9 20 and 1 9 5 9 5 mm plate specimens for long-term corrosion and in vitro testing were EDM-cut from the ingots. All the specimens were subjected to TMT comprising cold rolling (CR) with moderate true strain (e = 0.3-0.37), followed by post-deformation annealing (PDA) in the 450,…,750°C temperature range (15, …,60 min) and subsequent water cooling. Additional age-hardening (AG) at 300°C from 15 to 180 min with subsequent water cooling was optionally performed on selected alloys. For electrochemical testing, 0.5 mm diameter Ti-19.7Nb-5.8Ta and Ti-22Nb-6Zr wire specimens were produced by multi-pass cold drawing with inter-pass annealing at 600°C for 10 min.
Characterization
The chemical composition homogeneity of the obtained ingots was studied using a JEOL JSM-6700 scanning electron microscope (SEM) with a JED-2300F X-ray microanalysis attachment.
Structure evaluation was performed using a JEOL 2100 transmission electron microscope (TEM). TEM samples were mechanically grinded and polished down to a 0.1 mm thickness. The final electrochemical polishing was performed at -38°C in 15 % HNO 3 spirit solution using a Tenupol-5 system (Struers, Denmark).
The evaluation of the mechanical and functional properties of the alloys was performed at room temperature (RT) with a 0.02 s -1 strain rate using an MTS MiniBionix testing machine and three testing modes:
(1) Superelastic testing multi-cycle isothermal tensile testing with 2 % constant strain per cycle to specimen failure (80 mm gauge-length specimens). (2) Functional long-term stability evaluation combining first series of 10-cycle 2 % strain loading-unloading tensile testing, 40-day pause, second series of 10-cycle testing, 365-day pause, and third series of 10-cycle testing (30 mm gauge-length specimens). (3) Functional fatigue testing tensile strain-controlled fatigue testing. The following strains were applied: 0.2, 0.3, 0.5, 0.7, 1.0, and 1.5 %. For each level of strain, three specimens were tested. All the fatigue tests were carried out either to specimen failure or up to a maximum preset number of cycles (run-out at 10 6 cycles) (80 mm gauge-length specimens).
Corrosion and electrochemical studies were carried out at 37 ± 1°C in Hank's solution imitating inorganic components of the osseous tissue and containing (concentrations, g/l): 8 NaCl, 0. (1) Long-term corrosion testing these tests were carried out with the full immersion of the specimens for 3 months. Metallic ion concentrations were measured using an iCAP 6300 Radial View atomic emission spectroscopy with inductively coupled plasma (5 9 10 9 20 mm specimens). (2) Electrochemical testing open circuit potential (OCP) and polarization diagram measurements were carried out using two-or three-electrode cells with divided electrode space and an IPC micro electronic potentiostat. A saturated silver/silver chloride electrode and platinum electrode were used as the reference and auxiliary electrodes, respectively (1 9 10 9 15 mm specimens). (3) Electrochemical testing under cyclic load 0.1-1.5 % strains were applied to the immerged specimens using an originally designed experimental setup [57] . The setup allowed direct loading of the specimens placed in test media with a 1 Hz cycling frequency; most of the strain values were characteristic of an intraosseous implant's in vivo performance conditions (0.5 mm diameter, 80-mm-long wire specimens).
In vitro cell survival studies were performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric testing on human fibroblast cells incubated in Eagle's medium at 37°C. After 2 days of incubation in a microplate, the culture medium was extracted from the wells and 1 ml of the medium with 200 ll of MTT (Sigma) with an initial concentration of 5 mg/ml was added; the incubation was performed for 1 day. The medium with MTT was then removed and 1 ml of dimethyl sulfoxide was added to dissolve the formazan crystals that had formed. The cell precipitate was resuspended for 5 min by pipetting. Cell viability was estimated by the solution color intensity, which was characterized by its optical density at a wavelength of 545 nm using an Immunochem 2100 photometer. The calculation of the number of the grown cells, and of their size and volume was carried out using a manual automated cell counter Scepter Millipore pipette which enabled the cell concentration, size, and volume distribution to be obtained. Fibroblast incubation was carried out for 4 days. Next, the monolayer of the cells grown on the bottom of the wells was studied by optical microscopy (Olympus CRX41), removed by 0.02 % Versene solution with 0.1 mg/ml chymopsin, and diluted in 1 ml of Eagle's medium to enable Scepter Millipore pipette counting (1 9 595 mm specimens were used).
Experimental Results
Manufacturing Ti-Nb-and Ti-Zr-Based SMAs
Small Size Ingots
It was shown that it takes three sequential remelting steps to produce homogeneous 180 g ingots of Ti-22Nb-6Zr, while it takes at least four remelting steps to produce homogeneous 166 g ingots of Ti-22Nb-6Ta. Figure 1 shows the element distribution maps obtained for these alloys (SEM). The dark areas in the Ti and Nb element maps and the bright areas in the Ta map correspond to the grinding after-effect. (In our case, SiC paper was used and Si peaks are very close to Ta peaks.) Integral chemical compositions were as follows: Ti-22.1Nb-6.0Zr and Ti-22.4Nb-4.6Ta.
Medium Size Ingots
It was shown that after first remelting, the CRIFM's medium size Ti-Nb-Ta ingot was visibly inhomogeneous, with visible Ta-rich spots (Fig. 2) .
After the second remelting, the homogeneity of the ingot was improved, but it still featured some Ta-rich inclusions and significant differences between the actual and the target compositions of the surrounding solid solution matrix (average composition Ti-25.0Nb-1.3Ta). The observed ingot's inhomogeneity and compositional mismatch were mainly due to the proximity of the Ta melting temperature, which is above 3000°C, to the temperature of intensive evaporation of Ti.
An alternative way to produce such ingots involved the smelting of a foundry alloy (Nb-Ta), whose melting temperature was lower than that of pure Ta (*2600°C compared to *3000°C). This alloy was further remelted with Ti to obtain the final ingot. SEM images of the bottom and top ingot parts are given in Fig. 3 . The corresponding chemical compositions are listed in Table 1 .
It can be observed that only the bottom part of the ingot can be considered homogenous, and consequently, appropriate for further processing. At the same time, medium size Ti-22Nb-6Zr ingots with post-melting processing similar to that of their Ti-Nb-Ta counterparts appeared to be much easier to produce, since after the second remelting step, the elements' distribution was already homogeneous (Fig. 4) , and the actual composition was close to that of the target Ti-22.1Nb-5.8Zr alloy.
TMT-Induced Structure Formation and Superelastic Behavior
Since the functional and mechanical properties of the studied alloys are strongly structure sensitive, they can be controlled by forming favorable microstructures in the material. The most common way to control the structural state of Ti-based SMA is to subject them to TMT, which generally comprises cold deformation and PDA, and may also involve additional age-hardening.
Structure Formation
A moderate cold deformation (e = 0.3-0.37) of the TiNb-Zr and Ti-Nb-Ta alloys causes the formation of a well-developed dislocation substructure in the b-phase matrix and in the a(a 00 )-phase plates; deformation bands and x-phase (in Ti-Nb-Zr alloy) can also be observed [8, 43, 44] . Contrarily to the Ti-Ni-based SMAs, an increase in the plastic deformation intensity up to e * 2 does not lead to amorphization of Ti-Nb-based alloys and to the formation in them of a predominant nanocrystalline structure after annealing [8, 44] . In this study therefore, the cold plastic deformation intensities are limited to their moderate levels. Since annealing of undeformed Ti-Nb-Zr and TiNb-Ta alloys does not significantly change their grain structure, annealing is only used in combination with cold deformation. After PDA at 450°C (60 min) of both alloys, no significant changes in the dislocation substructure of the band a-phases are observed; the density of dislocations remains high, and the general view of the structure is preserved, but an increase in the x-phase content is observed in Ti-Nb-Zr alloy [43, 44, 51] . After PDA at 500°C (60 min), a polygonized dislocation substructure forms, which may be deduced from the limited azimuthal broadening of the diffraction spots in SAED patterns (Fig. 5a-c) indicating the absence of high-angle misorientations of b-phase. The observed structure is nanosubgrained with subgrain sizes ranging from 20 to 100 nm.
When the PDA temperature rises to 550°C (60 min), the subgrains grow and cross the borderline between the nanometer and the submicrometer dimension (an average subgrain size is *100 nm, Fig. 5a ). When the PDA temperature increases further (600°C), but the annealing time remains relatively short (30 min for Ti-Nb-Zr and 15 min for Ti-Nb-Ta), a limited broadening of the b-phase X-ray reflections (Fig. 5b, c) indicates that low-angle misorientations are still preserved and the structure is still nanosubgrained.
After PDA at 600°C (60 min), the size of the subgrains increases to submicrometer scale (200-500 nm), while some recrystallized b-phase grains up to a few microns in size can also be observed. After PDA at 750°C, the bphase structure is already recrystallized with a grain size of about 20 lm [44] . Up to PDA at 550°C, small quantities of x-phase can still be found in the Ti-Nb-Zr alloy (after PDA at 600°C, x-phase reflections are no longer visible). In this alloy, small quantities of a-phase can be found throughout the 450,…,600°C temperature range. In the Ti-Nb-Ta alloy, x-phase cannot be distinctly detected by TEM irrespective of the PDA temperature; X-ray diffractograms of this alloy show small quantities of a(a 0 )-phase after PDA at 500 and 750°C [47] . Age-hardening of both alloys at 300°C results in the formation of nanosized (less than 10 nm) randomly scattered spherical x-precipitates ( Fig. 5d-g ) [47] [48] [49] [50] . After 30 min of age-hardening, x-phase reflections are already clearly visible in micro-diffraction patterns of both alloys. The x-phase particles are much finer and sparser in the TiNb-Ta (Fig. 5f, g ) than in the Ti-Nb-Zr (Fig. 5d, e) alloy. In the Ti-Nb-Ta alloy, x-phase reflections are slightly visible on SAED patterns even after 180 min of agehardening.
Superelastic Behavior
Cold deformation increases the strength, but drastically decreases the ductility of Ti-Nb-Zr and Ti-Nb-Ta alloys [8, 46] . Annealing of as-received Ti-Nb-Zr and Ti-Nb-Ta alloys does not bring their fatigue performance to an admissible level (number of cycles to failure is under a threshold of 100 cycles) [8, 46] . It appears evident that TMT is mandatory to improve the functional properties of these alloys.
When Ti-Nb-Zr alloy is subjected to CR (e = 0.37), 2 % strain fatigue life manifests a distinct maximum after PDA at 600°C for 30 min (N max = 878, Fig. 6a ). During cycling, superelastic stress-strain loops are well-pronounced, Young's modulus is *40 GPa (first cycle), and reduces down to 25 GPa during cycling. Furthermore, the accumulation rate of residual strain after this TMT is the lowest [46] . Age-hardening of this alloy (300°C, 10 min) significantly shortens its fatigue life (N max = 562, see Fig. 6a ).
Comparing the evolution of the Ti-Nb-Zr alloy microstructure with that of its mechanical behavior allows the conclusion that the maximum number of cycles to failure and the most perfect superelastic behavior correspond to the formation in this alloys of a nanosubgrained structure of b-phase (Fig. 5b) . On the contrary, in this alloy system, x-phase precipitation during age-hardening is an almost uncontrollable process, which leads to the formation of a significant quantity of x-phase and to alloy embrittlement, even after a very short (as low as 10 min) age-hardening.
The Ti-Nb-Ta alloy subjected to CR (e = 0.37) ? PDA 400°C (60 min) shows interesting fatigue performances with a number of cycles to failure N max = 285 (Fig. 6b) .
Instead of selecting this TMT as a prerequisite treatment for subsequent age-hardening, PDA at a higher temperature (600°C), but for a shorter period of time (15 min), was deemed more suitable, even though this last TMT led to a significantly shorter fatigue life (N max = 48). (The rationale for this selection was that after PDA at 400°C, the 
dislocation density in this alloy was still too high, which would limit the strengthening effect of age-hardening.) Figure 6b shows that age-hardening at 300°C (60 min) after PDA at 600°C (15 min), effectively improves the alloy's fatigue resistance (N max = 1264). This treatment has a tag price of a relatively higher Young's modulus (60 GPa), but leads to an almost perfect superelastic behavior and smallest residual strain accumulation during cycling, as compared to other TMT routes. Such an improved superelastic behavior is a direct result of a controllable x-phase precipitation during aging of the nanosubgrained Ti-Nb-Ta alloy.
Based on the obtained results, the following TMT routes can be regarded as optimum for the realization of a perfect multi-cycle superelastic behavior in the studied alloys: TiNb-Zr-CR (e = 0.37) ? PDA (600°C, 30 min), and TiNb-Ta-CR (e = 0.37) ? PDA (600°C, 15 min) ? AG (300°C, 60 min).
Functional Stability and Fatigue Resistance of Thermomechanically Treated Ti-Nb-Based SMAs

Long-Term Stability Tests
Bone implants are intended for prolonged use, perceiving variable cyclic loads in an aggressive environment of the human body. Increasing the service life of implant materials and improving the stability of their functional properties are important challenges faced by the modern biomaterial science. In the light of that, studies examining the stability of their mechanical behavior during multicycle functional tests, as well as during long-term isothermal exposures, are important.
In this work, Ti-21.8Nb-6Zr and Ti-19.7Nb-5.8Ta alloys were subjected to TMT to create different microstructures. The evolutions of their superelastic behavior were monitored during mechanical ''loading-unloading'' 2 % strain 10-cycle testing (three times) and during long-term pauses between testing (40 and 365 days).
Three series of functional 10-cycle tests with intermediate 40-and 365-day pauses were performed to assess the long-term stability of the superelastic behavior of Ti-NbTa and Ti-Nb-Zr SMAs. The evolution of the loadingunloading stress-strain diagrams during superelastic cycling, after RT pauses and repeated superelastic cycling is presented in Fig. 7 , while the evolution of the characteristic parameters of the diagrams is illustrated in Fig. 8 . Both alloys manifest non-perfect superelastic behavior during the first testing cycles, which rapidly evolves towards perfect superelasticity [52, 53] .
For both alloys, the initial values of their ''engineering'' Young's moduli are close (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . These values decrease to 20-25 GPa during the first series of Fig. 6 Number of cycles to failure N max of the Ti-21.8Nb-6Zr (a) and Ti-19.7Nb-5.8Ta (b) alloys during mechanocycling after various TMT routes with stress-strain curves in some key points mechanocycling, with the one exception being Ti-Nb-Ta after aging (Fig. 8a, b) . After a 40-day RT pause, the Young's moduli regain their initial values and start to decrease again during the second cycling series, but this time, much less rapidly. Finally, after a 365-day RT pause, the Young's moduli of both alloys regain their initial values and remain stable during the final cycling run. The Ti-Nb-Zr alloy, especially after PDA at 600°C (30 min) shows a slight increase in accumulated strain during superelastic cycling (Fig. 8a, b) . In the case of Ti-Nb-Ta, the accumulated strain increases more rapidly.
For both alloys, their transformation yield stresses (r tr ) decrease during cycling and regain their initial values after the pauses (Fig. 8c, d) . The Ti-Nb-Ta alloy demonstrates a specific feature: the 365-day RT pause leads to a significant increase in the transformation yield stress as compared to its pre-testing values (Fig. 8c) . A maximum stress reached within a single loading-unloading cycle (r max ) increases during all testing sequences and decreases to its almost initial value after RT pauses (Fig. 8c, d ). An increasing difference (r max -r tr ) results in an improvement of the superelastic behavior, preventing earlier involvement of the unrecoverable plastic deformation in the deformation process [1, 2, 4, 5] .
It can be concluded that the Ti-Nb-Zr alloy with an initial nanosubgrained structure after PDA at 600°C (30 min) demonstrates the most perfect and stable lowmodulus superelastic behavior as compared to Ti-Nb-Ta alloy, thus revealing its better biomechanical compatibility.
Functional Fatigue Tests
The mechanocycling tests described above were performed by applying a constant strain of e c = 2 % in each cycle. As a result, the TMT routes leading to the longest functional fatigue life were determined. However, for prospective medical applications of these materials (bone implants), the cyclic strain magnitude rarely exceeds 0.2 % [54] . To investigate their functional fatigue behavior under conditions mimicking real applications, the Ti-Nb-Zr alloy exhibiting the most stable functional behavior with different TMT-induced microstructures was fatigue tested under cycling strains ranging from a low-level apparently elastic strain (e c = 0.2 %) to a high-level superelastic strain (e c = 1.5 %) [55] .
The main result of the functional fatigue testing is the number of cycles to failure. It can be observed on the Wôhler-type diagram of Fig. 9 that the higher the strain magnitude, the shorter the fatigue life. For the smallest strain magnitude (e c = 0.2 %), the longest fatigue life (runout without failure at 1 9 10 6 cycles) is observed after PDA at 450°C (60 min). For the same strain magnitude, the number of cycles to failure after PDA at 600°C (30 min) is lower (*5910 5 ). When the strain magnitude increases to e c = 0.3 %, the number of cycles to failure after PDA at 450 and 600°C are the same (*3.5 9 10 4 ). For any strain above 0.3 %, the fatigue life after PDA at 600°C becomes longer than that after 450°C, and the higher the strain, the greater the advantage of the 600°C -annealed specimens. After PDA at 750°C (30 min), the fatigue life is the shortest for all of the applied strains. As can be observed in Fig. 10 , which shows the evolution of functional fatigue parameters during mechanocycling, the pre-test values of the Young's modulus are not the same after different PDA: 55 GPa (PDA at 450°C), 40 GPa (600°C), and 50 GPa (750°C). During low-strain cycling (0.2 %), these values are stable. Cycling with higher strains results in the Young's modulus decrease. This phenomenon is inherent to the superelastic cycling behavior and reflects the gradually increasing involvement of the superelasticity mechanism in the deformation process [48, 55] . The lower the PDA temperature, the more hardened the material, and the higher the strain when this evolution becomes clearly observable.
In all cases, except for the 1.5 % strain cycling, the lowest accumulated strain is observed after PDA at 450°C (Fig. 10f) . For 1.5 % strain testing, the lowest accumulated strain during cycling corresponds to PDA at 600°C (Fig. 10f) . The lowest accumulated strain is an obvious consequence of a more complete involvement of the superelasticity mechanisms in the deformation process. The evolution of the superelastic behavior during cycling is most visible for the 600 and 750°C cases when the cyclic strain exceeds 0.7 % (Fig. 10c) . The highest cyclic stresses r max are observed for the 450°C-annealed specimens, and the higher the strain magnitude, the greater the difference between the maximum cyclic transformation yield stress as Number of cycles to failure versus strain magnitude of the Ti-21.8Nb-6Zr alloy the latter decreases with an increase in the number of cycles (Fig. 10c, d, f ).
Corrosion and Electrochemical Behavior
As the implants, while in service, contact corrosive biological media of the human body, it is of a great practical interest to study the corrosion and electrochemical behavior of the Ti-Nb-based alloys in physiological solutions, including the case of cyclic load application. Some selected results of these studies [56] [57] [58] [59] [60] are described below.
Open Circuit Potential (OCP), Polarization Diagrams, Corrosion Rate
The character of OCP evolution under exposure to simulated solutions is an important tool for studies of tendency to passivation and regularities of the protective film formation on the alloy surface. Figure 11 compares OCP curves of the Ti-Nb-Ta, Ti-Nb-Zr, commercially pure Ti (cp-Ti), and Ti-Ni in Hank's solution at 37°C [51] . Figure 12 shows the polarization diagrams of these alloys.
The corrosion rate calculated from the results of weight loss measurements during prolonged corrosion immersion testing in Hank's solution is 1.2 9 10 -3 mm/year (Ti-NbTa), 2.3 9 10 -3 mm/year (Ti-Nb-Zr), 1.9 9 10 -3 mm/ year (cp-Ti), 1.4 9 10 -3 mm/year (Ti-Ni). The concentration of Ti (\0.005 mg/l), Nb (\0.01 mg/ l), Ta (\0.05 mg/l), and Zr (\0.001 mg/l) ions in the test solution is below detection level; however, Ni concentration can be measured (0.022 mg/l).
Mechanocyclic Tests in Simulated Physiological Solutions
The results of OCP measurements during mechanocycling tests of the Ti-Nb-Ta alloy in Hank's solution are presented in Fig. 13 [51] . The number of cycles to failure is about 8800 for Ti-Nb-Ta at 1.0 % strain. Note that the same testing routine is applied to the Ti-Nb-Zr alloy, with a significantly lower number of cycles to failure of 3300 [51] . Table 2 lists the results of the fibroblast growth activity and viability investigation after a 1-day incubation using the MTT method. Optical density values which are within a Fig. 10 Evolution of loading-unloading diagram parameters: a-c Young's modulus and accumulated strain, and d-f maximum stress attained in a cycle and transformation yield stress 20 % deviation limit from the cell control sample can be considered as non-toxic for the cells. The parameters of fibroblasts cultured for 4 days on Ti-Nb-Zr, Ti-Nb-Ta, and reference materials are presented in Table 3 .
In Vitro Cell Compatibility
A comparison of the parameters from Table 3 shows that the Ti-Nb-Zr alloy show a higher cell survival rate than the Ti-Nb-Ta alloy after prolonged cell cultivation.
Discussion
Based on the results of investigations presented above, the following general comments can be formulated:
Regarding the manufacturing aspects, three remelting steps are required to produce homogeneous ingots of the Ti-Nb-Zr alloy by the VAM method. Due to the high melting point of Ta, Ti-Nb-Ta alloys are more difficult to produce: it takes at least four remelting steps to obtain ingots of acceptable quality. It is also very important to carry out preparatory melting in the presence of Ti sponge getters to reduce a risk of contamination during melting. Note that the use of preliminary smelted Nb-Ta alloy as a foundry alloy is strongly recommended for smelting medium and large size Ti-Nb-Ta ingots.
The structure changes with CR strain in the e = 0.3-2 range in Ti-Nb solid solution-based alloys differ from the well-studied processes in intermetallic Ti-Ni SMAs. This difference is in the form of an absence of structure amorphization even after severe CR with a true strain as high as e = 2 [29, [44] [45] [46] 51] . As a consequence, 500-550°C (60 min) annealing of such severely deformed Ti-Nb alloys results in the formation of a mixed nanosubgrained and nanocrystalline structure of b-phase [44, 51] . The superelastic fatigue life of these alloys turns out to be much shorter than that of their moderately deformed (e = 0.3-0.37) counterparts with a nanosubgrained structure after the same annealing conditions [44] [45] [46] .
The structure evolution in Ti-21.8Nb-6Zr and Ti-19.7Nb-5.8Ta alloys subjected to TMT with CR (e = 0.3-0.37) and PDA (400,…,750°C, 60 min) follows the common phases of b-phase recovery, polygonization (including subgrain formation and growth), and recrystallization. The subgrain size of the polygonized dislocation substructure remains in the nanometer dimension after 60 min PDA below 600°C or 30 min PDA at 600°C for both alloys. The primary recrystallization in the polygonized substructure starts after PDA at 600°C, and after PDA at 700°C, the b-phase is completely recrystallized [44] . These processes are somewhat delayed in the Ta- doped alloys because of the lower diffusion coefficient of Ta in the Ti-Nb matrix [44] . The formation of x-phase precipitates is observed in the b-phase of the TMT-processed nanosubgrained Ti-Nb-Zr and Ti-Nb-Ta alloys during aging at 300°C. The Ti-NbZr alloy is characterized by a much higher precipitation rate of nanosized x-phase particles as compared to the TiNb-Ta alloy. This is because tantalum is a more effective inhibitor of the isothermal x-phase formation than zirconium.
PDA in the 500-600°C temperature range yields minimum values of Young's modulus, transformation yield stress, and ultimate tensile strength. For the Ti-Nb-Ta alloy, the best combination of functional fatigue properties corresponds to either a well-developed, but partially recovered, dislocation substructure of b-phase, or to an optimally precipitation-hardened nanosubgrained structure. The first structure is obtained after CR (e = 0.37) ? PDA (400/450°C, 60 min) processing route, while the second structure is obtained after the CR (e = 0.37) ? PDA (600°C, 15 min) ? AG (300°C, 60 min) processing route. Much slower kinetics of x-phase precipitation in TiNb-Ta, compared to Ti-Nb-Zr, allows the optimization of the degree of precipitation hardening, which leads to a drastic increase in the alloy's fatigue resistance.
For Ti-Nb-Zr, the best combination of functional properties corresponds to a nanosubgrained structure formation in b-phase as a result of the CR (e = 0.37) ? PDA (600°C, 30 min) processing route, without additional aging. The aging of this alloy for even short periods of time (min) leads to its excessive dispersion hardening (overaging), and, therefore, to the alloy's brittleness; the latter combined with a concomitant decrease in the M s temperature, leads to a drastic degradation of the alloy's functional performances.
In the functional stability experiments on the Ti-Nb-Zr and Ti-Nb-Ta alloys, all superelastic functional parameters change extensively as a result of the first 2 % strain 10-cycle cycling routine. The Young's modulus, residual strain in a cycle, and transformation yield stress rapidly decrease, while the maximum stress in the cycle and accumulated strain increase at different rates. For both alloys, the 40-day RT pause leads to an almost complete restoration of the initial superelastic loading-unloading behavior, and then, during the second 10-cycle testing series, this behavior evolves again, but to a lesser extent. The subsequent 365-day RT pause and the third testing series do not affect the superelastic behavior markedly. The significant superelastic characteristic variations during the first, second, and third series of superelastic cycling are caused by the intense accumulation and subsequent ''saturation'' of the oriented residual stresses and substructural hardening.
The strain-controlled fatigue life of the Ti-22Nb-6Zr alloy under strains ranging from apparently elastic to superelastic is strongly dependent on the alloy's microstructure. The longest fatigue life of the alloy in the apparently elastic strain range (e c = 0.2 %) is shown by the highly dislocated and the most strain-hardened material (PDA at 450°C, 60 min) possessing the true elastic yield stress. In the superelastic strain range (e c [0.3 %), the advantage in the functional fatigue life goes to the material with the polygonized (nanosubgrained) dislocation substructure (PDA at 600°C, 30 min). This advantage increases as the maximum strain per cycle increases up to e c = 1.5 %, indicating the much higher reliability of the last structure in the case of occasional overloading during service. The involvement of the reversible b $ a 00 stressinduced phase transformation and the corresponding effect of superelasticity results in an overall improvement of the fatigue resistance of metastable near-beta Ti-Nb-Zr alloys, as compared to their elasto-plastically deformed counterparts.
Over the entire long-term experiment, Ti-Nb-Zr demonstrates more stable and clearly identified superelastic behavior than Ti-Nb-Ta; this is especially true for the nanostructured material (PDA at 600°C, 30 min), when the Young's modulus reaches an ultra-low value of 30 GPa. A combination of highly biocompatible alloy components, high elongation to failure, adequate static and dynamic functional properties with exceptionally low Young's modulus gives the nanosubgrained superelastic Ti-22Nb-6Zr alloy high biomechanical compatibility and makes it highly suitable for orthopedic implants, in a wide range of loading-unloading conditions, from apparently elastic to superelastic applied strains. Superelastic Ti-Nb-based SMA exhibit a tendency of self-passivation in Hank's simulated physiological solution. The process of protective film formation during exposure in these media may be described by two logarithmic equations, indicating different mechanisms of formation and growth of the films at different stages. The alloys undergo corrosion at a low rate (about 10 -3 mm/ year) and are practically as good in terms of corrosionelectrochemical characteristics as titanium and titanium nickelide. Moreover, they manifest superelasticity, as opposed to titanium; contain no carcinogenic components, and are not subjected to pitting corrosion unlike titanium nickelide.
The OCP measurements of the alloys carried out in Hank's solution with applied strain values ranging from 0.2 to 1.0 % show that at clinically relevant strain values (about 0.2 %), the alloys exhibit OCP growth indicating their high stability and resistance to corrosion fatigue under these cycling conditions. At much higher strains (1 %), fatigue crack initiation and propagation take place; however, the corresponding OCP variation indicates that the fracture process is significantly restrained by reversible martensitic transformation during cycling.
The results of the investigation of fibroblast growth activity and viability investigation after incubation for 24 h using the MTT method show that all the studied superelastic alloys do not exhibit toxicity to human fibroblast cells, with the Ti-Nb-Zr alloy performing slightly better than the Ti-Nb-Ta alloy. Moreover, the Ti-Nb-Zr alloy shows significantly higher cell survival rate than the TiNb-Ta alloy after prolonged cell cultivation (?42 % compared to ?13 % after a 4-day test).
Presently, the authors concentrate their efforts on thermomechanical processing of multi-component Ti-Zr-based alloys. As shown in the works of Miyazaki, Kim et al. [39] [40] [41] , these alloys are advanced Ni-free materials possessing significantly higher superelastic recovery strain limits than Ti-Nb-based SMAs. The main idea is to use a combination of titanium, zirconium, niobium, and tantalum to improve the suitability of these alloys for biomedical applications through the optimization of their PDA and age-hardening schedules.
